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Abstract 

Background: The fungus Paracoccidioides spp is the agent of paracoccidioidomycosis (PCM), a pulmonary mycosis 
acquired by the inhalation of fungal propagules. Paracoccidioides malate synthase (PbMLS) is important in the 
infectious process of Paracoccidioides spp because the transcript is up-regulated during the transition from 
mycelium to yeast and in yeast cells during phagocytosis by murine macrophages. In addition, PbMLS acts as an 
adhesin in Paracoccidioides spp. The evidence for the multifunctionality of PbMLS indicates that it could interact 
with other proteins from the fungus and host. The objective of this study was to identify and analyze proteins that 
possibly bind to PbhAlS (PbMLS-interacting proteins) because protein interactions are intrinsic to cell processes, and 
it might be possible to infer the function of a protein through the identification of its ligands. 

Results: The search for interactions was performed using an in vivo assay with a two-hybrid library constructed in 
S. cerevisiae; the transcripts were sequenced and identified. In addition, an in vitro assay using pull-down GST 
methodology with different protein extracts (yeast, mycelium, yeast-secreted proteins and macrophage) was performed, 
and the resulting interactions were identified by mass spectrometry (MS). Some of the protein interactions were 
confirmed by Far-Western blotting using specific antibodies, and the interaction of P6MLS with macrophages was 
validated by indirect immunofluorescence and confocal microscopy. In silico analysis using molecular modeling, 
dynamics and docking identified the amino acids that were involved in the interactions between P6MLS and 
PbMLS-interacting proteins. Finally, the interactions were visualized graphically using Osprey software. 

Conclusion: These observations indicate that PbMLS interacts with proteins that are in different functional categories, 
such as cellular transport, protein biosynthesis, modification and degradation of proteins and signal transduction. These 
data suggest that PbMLS could play different roles in the fungal cell. 
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Background form [1]. Although most clinical forms of the disease are 

In vivo, the Paracoccidioides spp transition from mycelium asymptomatic, severe and progressive infections involving 

to yeast cells is governed by an increase in temperature that pulmonary and extra-pulmonary tissues occur [2]. A high 

occurs upon contact of the mycelia or conidia with the percentage (80%) of cases of the disease is reported in 

host The fungus, a complex of several phylogenetic species, Brazil, where PCM is the leading cause of death among the 

causes paracoccidioidomycosis (PCM), a human systemic systemic mycoses. PCM is the eighth-leading cause of mor- 

mycosis. The infection begins with the inhalation of fungal tality among infectious and parasitic diseases, which estab- 

propagules, which reach the epithelium of the alveoli, lishes it as a serious public health problem [3-5]. 

where the mycelium differentiates to the yeast pathogenic Paracoccidioides malate synthase (PbMLS) appears to be 

important to the infectious process of Paracoccidioides 

spp because the transcript is up-regulated during the tran- 
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macrophages [7]. PbMLS participates in the glyoxylate 
pathway, which enables the fungus to assimilate two- 
carbon compounds, and in the allantoin degradation path- 
way of the purine metabolism, which allows the fungus to 
use nitrogen compounds [8]. In addition to being a crucial 
enzyme in the metabolism of Paracoccidioides spp, PbMLS 
is located in peroxisomes and in the cell wall of the fun- 
gus. It is capable of binding to extracellular matrix compo- 
nents such as fibronectin and collagen types I and IV and 
is also secreted by the fungus. Furthermore, it has been 
demonstrated that this enzyme plays a role as an adhesin, 
having the ability to mediate host cell adhesion and intern- 
alization of Paracoccidioides spp in a significant role in the 
establishment of infection [9]. Therefore, there is evidence 
of PbMLS functionality, which drives the investigation of 
these functions through studies of protein interactions. 

The availability of all of the sequences of the Para- 
coccidioides spp genome and the appearance of various 
techniques for the screening of protein-protein interac- 
tions makes it possible to discover the functions of fungal 
proteins of interest from the identification of their ligands 
[10]. Therefore, this study was performed to identify 
Paracoccidioides spp proteins that might interact with 
PbMLS through techniques such as the yeast two-hybrid 
system (which is the most suitable method for identifying 
binary interactions) and affinity purifications coupled with 
mass spectrometry (MS) analyses (pull-down), to discover 
multi-protein assemblies that enable us to infer other 
functions of this enzyme and corroborate evidence of their 
multiple locations in the fungal cell. The interactions were 
also evaluated by in silico analysis. 

Results 

Tracking of protein interactions in vitro by pull-down 
assays 

The pull-down technique detects the physical interactions 
between proteins most directly; as a result, it is a useful 
tool in the confirmation of protein-protein interactions 
predicted by other techniques [11]. Here, pull-down assays 
were performed to search for interactions between PbMLS 
and other proteins of Paracoccidioides PbOl from different 
extracts because the fungus expresses different proteins 
depending on the phase [12], which could lead to different 
PbMLS -interacting proteins. 

The recombinant proteins GST and PbMLS fused to 
GST (PbMLS-GST) were expressed, purified by using an af- 
finity resin, and visualized by SDS-PAGE (Additional file 1: 
Figure SI A, lanes 1 and 2, respectively). The predicted mass 
for the hybrid protein PbMLS-GST was 86.4 kDa (60.9 kDa 
for PbMLS and 25.5 kDa for GST). The proteins designated 
as 1, 2, 3 and 4 were subjected to proteolysis and identifica- 
tion by MS. The proteomic identification data are compiled 
in Additional file 2: Table SI. The results indicated that 



proteins 1 and 2 correspond to PbMLS (both are 
PAAG_04542), but protein 2 is most likely a result of its 
proteolysis or incomplete translation. Protein 3 was identi- 
fied as membrane protein F of E. coll The co-purification of 
proteins from E. coli has been described [13]. Protein 4 cor- 
responds to GST. 

After purification, the GST bound to resin was incubated 
with protein extracts from Paracoccidioides PbOl mycelium 
(Additional file 1: Figure SIB), yeast (Additional file 1: 
Figure SIC), yeast-secreted (Additional file 1: Figure SID) 
and macrophage (Additional file 1: Figure S1E), to exclude 
nonspecific bindings that occur only in the presence of 
GST. The presence of only GST in lane 1 (Additional file 1: 
Figures SIB, SIC, SID and S1E) indicated the absence of 
non-specific bindings to GST. Next, the supernatant was 
removed and incubated with PbMLS-GST bound to resin. 
The protein complexes formed during incubation were pre- 
cipitated and resolved by SDS-PAGE (lane 2 - Additional 
file 1: Figures SIB, SIC, SID and S1E). 

Proteins that interacted with PbMLS, which are listed 
from 5 to 66 (Additional file 1: Figure SIB, SIC, SID and 
S1E), were removed from the gel and identified by MS 
(Additional file 2: Table SI). Proteins that interact with 
PbMLS and that were detected by different pull-down as- 
says were listed (Additional file 3: Table S2). The search 
against the NCBI non-redundant database using the MS/ 
MS data was performed using MASCOT software v. 2.4 
[14]. Functional characterization was performed using 
UniProt databases [15] and MIPS [16]. 

A total of 45 P&MLS-interacting proteins were identified 
(Additional file 3: Table S2). Of these, 18 proteins were 
from macrophage and 27 were from Paracoccidioides 
PbOl; 15 were from mycelium, 18 were from yeast, and 11 
were yeast-secreted. Some proteins were found in more 
than one extract (4 proteins in mycelium, yeast and yeast- 
secreted, 11 proteins in mycelium and yeast, 1 protein in 
mycelium and yeast-secreted). No protein was found 
in both yeast and yeast- secreted extracts. Of the 27 
Paracoccidioides PbOl proteins, 13 were exclusively ex- 
tract (found only in mycelium, yeast or yeast-secreted). Of 
18 macrophage proteins, 13 were exclusive to macro- 
phage, with 5 related to cytoskeleton. A total of 3 proteins 
(heat shock protein 60 kDa, heat shock protein 70 kDa 
and fructose 1, 6 bisphosphate aldolase) were also identi- 
fied in the pull-down assays with Paracoccidioides PbOl 
mycelium and/or yeast cells. 

Tracking of protein interactions in vivo by a two-hybrid 
assay 

To detect new interactions between PbMLS and other 
Paracoccidioides PbOl proteins, two-hybrid assays were 
performed. The Y187 strain of S. cerevisiae that harbors 
the bait {PbMLS) fused to the binding domain (BD) of 
the GAL4 transcription factor and the strain AH 109 that 
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harbors the prey (cDNA library of Paracoccidioides 
PbOl) fused to the activation domain (AD) of GAL4 
were placed in the same system to promote diploids. 

The diploid yeast-expressing proteins that interacted 
were finally selected in medium that contained a chromo- 
genie substrate (X-a-GAL) to observe the transcriptional 
activation of the reporter gene mell, a GAL4-regulated 
gene coding for the a-galactosidase enzyme. A total of 24 
clones showed the activation of the reporter gene mell by 
turning blue (data not shown), which confirmed that there 
was interaction between PbMLS and the gene products 
listed in the Additional file 4: Table S3. 

To identify gene products that interacted with PbMLS, 
the cDNAs of the clones were sequenced after PCR ampli- 
fication. ESTs (Expressed Sequence Tags) were processed 
using the bioinformatics tool Blast2GO. The functional 
classification was based on the homology of each EST 
against the GenBank database using the BLAST algorithm 
[17], with a significant homology cutoff of < le" 5 and func- 
tional annotation by MIPS [16]. Additionally, sequences 
were grouped into functional categories through the PED- 
ANT 3 database [18]. The analysis indicated the presence 
of several functional categories of genes and cell functions 
related to cellular transport, protein fate, protein synthesis, 
nucleotide metabolism, signal transduction, cell cycle and 



DNA processing, and hypothetical protein (Additional file 4: 
Table S3). 

Construction of protein interaction maps 

A comprehensive genetic interaction dataset has been de- 
scribed for the model yeast S. cerevisiae [19]. Because 
genes that act in the same pathway display similar patterns 
of genetic interactions with other genes [19-22], we inves- 
tigated whether Paracoccidioides PbOl protein sequences 
that interacted with PbMLS and were tracked by the pull- 
down and two-hybrid assays (Additional file 3: Table S2 
and Additional file 4: Table S3, respectively) were found in 
the structural genome database of S. cerevisiae [23]. Those 
sequences and others from The GRID protein interaction 
database [24] of S. cerevisiae were used to construct pro- 
tein interaction maps generated by the Osprey Network 
Visualization System [25] (Figure 1). Protein sequences 
from macrophage were not used because some of them 
were not found in the S. cerevisiae database. The blue 
lines indicate protein interactions with MLS from 
Paracoccidioides PbOl experimental data. The green lines 
indicate protein interactions with MLS already described 
in The GRID interaction database [24] of S. cerevisiae. A 
pink line corresponds to both. The colored dots show the 
functional classification of proteins. 
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Figure 1 Map of interactions between MLS and other proteins generated by the Osprey Network Visualization System [25]. (A) Protein 
interactions obtained by a two-hybrid assay. Protein interactions obtained by pull-down assays with protein extracts of Porococcidioides mycelium 
(B), yeast (C) and yeast secretions (D). The blue lines indicate protein interactions with MLS from the experimental data. The green lines indicate 
protein interactions with MLS that are already described in The GRID interaction database [24] of S. cerevisiae. The pink line corresponds to both. 
The colored dots show the functional classifications of the proteins. 
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Protein interactions obtained by a two-hybrid assay are 
shown in Figure 1A. Protein interactions obtained by pull- 
down assays with protein extracts of Paracoccidioides 
PbOl mycelium, yeast and yeast-secretions are shown in 
Figure IB, C, and D, respectively. Ubiquitin (YLL039C) 
was the only protein that interacted with MLS that was 
found in both Paracoccidioides and S. cerevisiae. The other 
proteins were identified in Paracoccidioides PbOl or S. 
cerevisiae but not in both. Although some proteins identi- 
fied in Paracoccidioides PbOl have homologous proteins 
in S. cerevisiae (Additional file 5: Table S4), these proteins 
could not yet be identified as interacting with PbMLS. 
Most of the Paracoccidioides PbOl proteins that interacted 
with PbMLS were related to the metabolism category. 

Confirmation of the interactions by Far-Western blot 
assays 

Far- Western blot assays were conducted to confirm the in- 
teractions between PbMLS and other proteins from the 



fungus identified by pull-down assays. PbMLS was 
subjected to SDS-PAGE and was electro blotted. The 
membranes were reacted with protein extracts of Para- 
coccidioides PbOl mycelium, yeast and macrophage 
(Figure 2A, lanes 1, 2 and 3, respectively) and were subse- 
quently incubated with rabbit IgG anti-enolase, anti- 
triosephosphate isomerase and anti-actin, respectively. The 
reactions were revealed with anti-rabbit IgG conjugated to 
alkaline phosphatase. Positive signals to the three extracts 
indicated the presence of an interaction between PbMLS 
and enolase, triosephosphate isomerase and actin. Negative 
control was obtained by incubating PbMLS with the anti- 
bodies anti-enolase, anti-triosephosphate isomerase and 
anti-actin, respectively, without preincubation with the pro- 
tein extracts (Figure 2 A, lanes 4, 5 and 6, respectively). Posi- 
tive control was obtained by incubating the PbMLS with 
the polyclonal anti-P&MLS antibody (Figure 2 A, lane 7). 

Another Far- Western blot assay was performed 
using membranes that contained protein extracts of 



nTTTTTl 



-60kDa 




Figure 2 Confirmation of the interactions by Far-Western blot assays. (A) PbMLS was subjected to SDS-PAGE and electro blotted. 
Membranes were reacted with Paracoccidioides protein extracts of mycelium (lane 1), yeast (lane 2) and macrophage (lane 3) and were 
subsequently incubated with anti-rabbit IgG anti-enolase, anti-triosephosphate isomerase and anti-actin, respectively. The reactions were revealed 
with anti-rabbit IgG conjugated to alkaline phosphatase. Negative control was obtained by incubating PbMLS with the antibodies anti-enolase, 
anti-triosephosphate isomerase and anti-actin, respectively, without preincubation with the protein extracts (lanes 4, 5 and 6). The positive control 
was obtained by incubating the PbMLS with the polyclonal anti-PbMLS antibody (lane 7). (B) Protein extracts of Paracoccidioides mycelium, yeast, 
secretions and macrophages (lanes 1, 2, 3 and 4, respectively) were subjected to SDS-PAGE and blotted onto nylon membrane. The membranes 
were incubated with PbMLS and, subsequently, primary antibody anti-PfrMLS and secondary antibody anti-rabbit IgG. Negative control was 
obtained by incubating each protein extract with anti-PbMLS antibody, without preincubation with PbMLS (lanes 5, 6, 7 and 8). The numbers 
indicate the proteins (Additional file 2: Table SI) that interact with PbMLS that are confirmed by this technique. 
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Paracoccidioides PbOl mycelium, yeast, yeast secretions, 
and macrophage (Figure 2B, lanes 1, 2, 3 and 4, respec- 
tively). The membranes were incubated with PbMLS and, 
subsequently, were incubated with antibody anti-P&MLS 
and secondary antibody anti-rabbit IgG. Several proteins 
identified in the pull-down assays interacted with PbMLS 
at this point, which suggested the veracity of the interac- 
tions. Negative control was obtained by incubating each 
protein extract with the anti-P&MLS antibody, without 
preincubation with PbMLS (Figure 2B, lanes 5, 6, 7 and 8). 
The numbers identify the proteins that interacted with 
PbMLS, as shown in Additional file 2: Table SI. 

PbMLS binds to the surface of macrophages 

Because the results from Far- Western blot assays revealed 
several macrophage proteins interacting with PbMLS, we 
performed immunofluorescence microscopy to visualize 
whether PbMLS could adhere to the surface of the macro- 
phage cells. No binding was observed using BSA as a con- 
trol (Figure 3A). The arrow indicates PbMLS binding to a 
macrophage surface (Figure 3B). 

PbMLS participates in the adherence of Paracoccidioides 
to pneumocyte cells 

Because the fungus initially reaches the lungs, the partici- 
pation of PbMLS in the adherence of Paracoccidioides 
Pbl8 to pneumocyte cells was investigated by using con- 
focal laser scanning microscopy. A549 cells were pretreated 
with anti-P&MLS and infected with Paracoccidioides Pbl8 
isolate. After washings with frozen PBS-T, the monolayers 
were incubated with Alexa Fluor that was 594-conjugated 
for labeling the antibody. The arrows indicate PbMLS 
interacting with the A549 surface (Figures 4A and B). 

Homology models 

In silico analysis was performed to investigate how the in- 
teractions identified by pull-down and two-hybrid assays 
could occur. Some P&MLS-interacting proteins from meta- 
bolic pathways such as the glycolytic pathway, the tricarb- 
oxylic acid cycle, the methyl citrate cycle and the glyoxylate 
cycle were selected for analysis. Because PbMLS partici- 
pates in the glyoxylate cycle, interaction between proteins 
from different metabolic pathways would be expected. Be- 
cause no crystal structure of P^MLS-interacting proteins 
described here was reported, a three-dimensional homology 
model for each protein was constructed based on the struc- 
ture template listed in Additional file 6: Table S5. All of the 
3D-structure templates used to build models of the proteins 
have a resolution of < 2.0 A and an identity of > 49%, with a 
coverage of > 91%. 

Homology models of the PbMLS -interacting proteins 
have very little conformational change when compared 
to their templates (Additional file 6: Table S5). The lar- 
gest deviations were observed for enolase and fructose 




Figure 3 Binding of PbMLS to the macrophage surface. 

Immunofluorescence microscopy that shows the binding of PbMLS 
to J774 A.1 mouse macrophage cells. (A) Negative control was 
performed with the unrelated protein BSA. (B) Arrows indicate 
PbMLS (green) binding to the macrophage cell surfaces; blue 
indicates the macrophage nucleus. 
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Figure 4 Interaction between Paracoccidioides yeast cells and 
pneumocytes by confocal laser scanning microscopy. Infected 
cell monolayers were fixed and permeabilized. Primary anti-PbMLS 
and secondary antibodies Alexa Fluor 594 goat anti-rabbit IgG (red) 
were used. The specimens were analyzed by laser confocal 
microscopy using DIC (A) and fluorescence (B). 
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1,6 bisphosphate aldolase, with 2.65 A and 1.44 A of 
root mean square derivation (RMSD) when superposed 
on the template when considering the non-hydrogen 
atoms. For enolase, there is a significant conformational 
change only in the C-terminal regions and between 
PR0143 and ASN155 (data not shown). 

Alpha-helix-like secondary-structure patterns were ob- 
served in a greater proportion in the homology models 
PbMLS -interacting proteins. For almost all of the struc- 
tures, the alpha-helix-like pattern corresponded to more 
than 40% of the whole structure, while the beta-sheet 
-like pattern accounted for less than 20%, except for the 
protein ubiquitin, whose quantity of beta-sheet-like pat- 
tern was greater (Additional file 6: Table S5). 

Ramachandran plots of homology models were assessed 
stereo-chemically through the RAMPAGE web server [26] 
(data not shown). For all of the proteins, the O and W dis- 
tributions of the Ramachandran plots were always above 
94% in the favored regions and less than 3.5% in the 
allowed regions. The quality factors of the structures were 
estimated by the ERRAT web server and are summarized 
in Additional file 6: Table S5. 

Molecular dynamics 

All of the proteins were subjected to at least 20 ns simula- 
tion using GROMACS software [27]. For the proteins 
gamma actin, 2-methylcitrate synthase, triosephosphate 
isomerase and ubiquitin, that time was insufficient to 
achieve RMSD stability of non-hydrogen atoms with re- 
spect to the structure homology models. In those cases, 
more simulation time was provided until this condition 
was achieved. The times required are listed for each pro- 
tein. For almost all of the proteins, the deviations from 
their homology models were low (approximately 3.0 A). 
Specifically, ubiquitin and 2-methylcitrate synthase had 
the highest RMSDs. The increase was 7.65 A and 6.34 A 
after 60 ns and 40 ns, respectively. When only the residues 
from the interfaces of the complexes were considered, 
the RMSDs increased 9.0 A and 5.87 A, respectively 
(Additional file 6: Table S5). 

The alpha-helix-like pattern was slightly reduced in all 
of the proteins that were binding to PbMLS, but the beta- 
sheet-like structures almost did not change. Although the 
RMSDs were high for ubiquitin and 2-methylcitrate syn- 
thase, the alpha-helix-like patterns decreased to only 
10.6% and 6.9%, respectively. 

Molecular docking and molecular dynamics of the 
protein-protein complexes 

Molecular docking between PbMLS and PbMLS -in- 
teracting proteins was investigated by the GRAMM-X 
web server using the structures stabilized by DM. Only 
the best model-structures provided by the server were se- 
lected. These complexes were then subjected to a rapid 



DM so that their structures could accommodate and avoid 
high energy at the interface between them, thus identifying 
residues in this region. Significant conformational changes 
occurred in ubiquitin and 2-methylcitrate synthase when 
they were complexed with PbMLS (data not shown). The 
residues contacting at the interface of the complexes are 
shown in Additional file 7: Table S6, and these amino acids 
are highlighted in Figure 5. Some amino acid residues are 
common to different proteins. For example, ASP379 and 
GLN380 are residues of PbMLS that interact with enolase 
and ubiquitin; ASN386 is at the interface for gamma actin 
and ubiquitin; LEU388 is common to triosephosphate 
isomerase and glyceraldehyde-3-phosphate dehydrogenase; 
and ASP401 is common to 2-methylcitrate synthase and 
malate dehydrogenase. 

The protein-protein complexes relaxed by DM were pro- 
vided to the Fiberdock web server, which determined the 
global energy for each complex (Additional file 7: Table 
S6). The results showed that fructose 1, 6 bisphosphate al- 
dolase and ubiquitin were well stabilized when complexed 
with PbMLS, The ASP265 residue of PbMLS is present in 
the interaction of both proteins. 

Discussion 

Our previous studies showed that PbMLS is required in 
the metabolism of Paracoccidioides PbOl acting in the 
glyoxylate cycle and in the allantoin degradation pathway. 
PbMLS condenses acetyl-CoA from both 2C sources 
(glyoxylate cycle) and nitrogen sources (from proline and 
purine metabolism) to produce malate, which is a central 
molecule of the tricarboxylic acid cycle or glyoxylate cycle 
[8]. In addition, PbMLS is located in the cytoplasm and on 
the fungal cell surface and is secreted, behaving like an an- 
chorless adhesin [9]. The strong evidence for PbMLS 
multifunctionality increased our interest in researching 
the possibility of new roles for PbMLS through studies of 
protein-protein interactions, which aimed to identify 
PbMLS -interacting proteins. 

We searched for PbMLS -interacting proteins using 
Far- Western blot, pull-down and two-hybrid techniques. 
The two-hybrid and pull-down are used as complemen- 
tary techniques because the results depend on variants of 
the methods. The two-hybrid system is highly sensitive to 
detecting low-abundance proteins, unlike the pull-down 
system, which detects high- abundance molecules. Add- 
itionally, the two-hybrid system allows identifying strong 
and weak interactions, while the pull-down is not a sensi- 
tive method for identifying some of the weak interactions 
because of the wash steps [28]. Because the principles of 
the techniques are different, we have the capability of 
identifying different proteins. 

Pull-down assays were performed using Paracoccidioides 
PbOl mycelium, yeast and yeast- secreted protein extracts 
because protein differences [12] and metabolic differences, 
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Figure 5 Complexes between PbMLS-interacting proteins (red) and PbMLS (green) after protein-protein docking simulations by using 
Gramm-X and GROMACS software. (A) Enolase, (B) Fructose 1, 6 bisphosphate aldolase, (C) Gamma actin, (D) Glyceraldehyde-3-phosphate 
isomerase, (E) Malate dehydrogenase, (F) 2-Methylcitrate dehydratase, (G) Triosephosphate isomerase, and (H) Ubiquitin. The amino acid residues 
that are involved in complex formation are highlighted. 



including changes in the PbMLS transcript expression 
level [29], were observed between both phases, which 
could lead to different PbMLS -interacting proteins. In fact, 
considering mycelium and yeast, 4 proteins were exclusive 
to mycelium, and 7 were exclusive to yeast. In addition, 5 
proteins were exclusive to yeast-secreted extract, and 15 
were exclusive to macrophage. A total of 13 of those pro- 
teins were also identified by Far- Western blot. These find- 
ings suggest that PbMLS appears to play a different role in 
Paracoccidioides PbOl because it interacts with proteins 
from diverse functional categories. 



Several significant interactions were found. PbMLS 
interacted with fatty acid synthase subunit beta, which 
catalyzes the synthesis of long-chain saturated fatty 
acids. PbMLS interacted with 2-methylcitrate synthase 
and 2-methylcitrate dehydratase, which are enzymes of 
the cycle of 2-methylcitrate. This cycle is related to the 
metabolism of propionyl-coenzyme A (and odd-chain 
fatty acids), unlike the glyoxylate cycle, which is related 
to the metabolism of even-chain fatty acids. The inter- 
action of PbMLS with these enzymes suggests its in- 
volvement in fatty acid metabolism regulation. 
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The peroxisomal enzyme malate dehydrogenase, which 
participates in the glyoxylate cycle [30], interacts with 
PbMLS. In addition to having the signal peptide AKL that 
targets peroxisomes [8], PbMLS was localized in that or- 
ganelle [9]. 

PbMLS interacts with serine threonine kinase. It is 
known that protein kinases catalyze the transfer of the 
gamma phosphate of nucleotide triphosphates (ATP) to 
one or more amino acids of the protein side chain, which 
results in a conformational change that affects the func- 
tion of the protein, resulting in a functional alteration of 
the target protein by altering enzymatic activity, cellular 
localization or association with other proteins [31]. Thus, 
the interaction with a protein kinase suggests that PbMLS 
could be regulated by phosphorylation. PbMLS has a var- 
iety of sites, which indicates possible post-translational 
modifications, including protein kinase phosphorylation 
sites [8]. We have already described the regulation by 
phosphorylation of PblCL, the other enzyme unique to 
the glyoxylate cycle [32]. 

The secretion of PbMLS [9] suggests that it interacts 
with fungus proteins themselves and host surface proteins. 
Extracellular vesicles from Paracoccidioides spp present 
proteins with many functions [33]. Of 11 PbMLS- 
interacting proteins, 5 were also found in the extracellular 
vesicle. Extracellular proteins are known to play important 
roles, such as the uptake of nutrients, cell-cell communi- 
cation and detoxification of the environment [34]. More 
specifically, proteins secreted by pathogenic microorgan- 
isms appear to play important roles in virulence [35]. 
Corroborating our results, many proteins identified in this 
study, such as 2-methylcitrate synthase, malate dehydro- 
genase, nucleoside diphosphate kinase, pyruvate kinase, 
hsp70-like protein and Cobalamin-independent methio- 
nine synthase, had previously been described as secreted 
proteins in Paracoccidioides PbOl secretome from myce- 
lium and yeast cells [36]. 

The adhesion of pathogens to host cells is considered to 
be an essential step in the establishment of infection [37]. 
Several clinically important fungi, such as Candida 
albicans, Aspergillus fumigatus, Histoplasma capsulatum 
and Cryptococcus neoformans, are known to bind to pro- 
teins of the extracellular matrix (ECM) [38]. The adhesins 
of fungi are important in the migration, invasion, differen- 
tiation and proliferation of microbes. Paracoccidioides 
yeast cells also have the ability to adhere and invade 
host cells [39,40]. Some adhesins, such as PbDfg5p [41], 
triosephosphate isomerase (PbTVI) [42], glyceraldehyde- 
3-phosphate dehydrogenase (PbG APDH) [39], and enolase 
(PbLno) [43], and PbMLS [9] have been described in 
Paracoccidioides PbOl. Here, the interaction between 
PbMLS and enolase and triosephosphate isomerase was 
confirmed by Far- Western blot assay. The interaction of 
PbMLS with those proteins suggests that the joint action 



of those adhesins could promote adhesion to and invasion 
of host cells, acting as potent virulence factors. 

PbMLS appears to act in the interaction between 
Paracoccidioides PbOl and macrophage because it inter- 
acts with several macrophage-specific proteins, of which 5 
proteins are related to cytoskeleton, which suggests the in- 
volvement of that structure in the fungus adhesion 
process. The PbMLS binding to actin was confirmed by 
Far- Western blot. The cytoskeletons of the macrophages 
control the movement of the cell membrane, which re- 
flects the movement of the cell as a whole and are also in- 
volved in processes such as phagocytosis [44]. Our 
previous work used Far- Western blotting and flow cytom- 
etry to show that PbMLS binds to A549 cells. Here, the 
participation of PbMLS in Paracoccidioides PbOl adhesion 
to and invasion of A549 cells was confirmed using con- 
focal laser scanning microscopy. 

Some P&MLS-interacting proteins were selected for in 
silico interaction analysis. Proteins were chosen from meta- 
bolic pathways such as the glycolytic pathway, the tricarb- 
oxylic acid cycle, the methyl citrate cycle and the glyoxylate 
cycle because PbMLS participates in the glyoxylate cycle, 
and the interaction between proteins from different meta- 
bolic pathways would be expected. Global energy values for 
each complex studied showed that there is good comple- 
mentarity between PbMLS and most PbMLS -interacting 
proteins. For example, the complexes that involve PbMLS 
and the proteins glyceraldehyde-3-phosphate isomerase, 
malate dehydrogenase, 2-methylcitrate dehydratase and 
triosephosphate isomerase have global energies that are less 
than -55 kcal/mol. The global energy values found here 
were very good. For example, in a recent study of the inter- 
actions between D-phosphoglycerate dehydrogenase and 
phosphoserine aminotransferase from the enteric human 
parasite Entamoeba histolytica [45], the best global energies 
were approximately -75 kcal/mol. Here, the best values 
were found for fructose 1,6 bisphosphate aldolase and ubi- 
quitin (less than -100 kcal/mol). 

S. cerevisiae MLS-interacting proteins have already 
been described. Here, in silico analysis using the S. 
cerevisiae database showed that PbMLS interacts with 
other new proteins. The only protein that they share is 
ubiquitin. This fact and the fact that the interaction be- 
tween ubiquitin and PbMLS is very stable suggest that 
this interaction is very important. Ubiquitin is respon- 
sible for the conjugation of proteins, marking them for 
selective degradation via the ubiquitin-proteasome sys- 
tem 26S, a process that is essential in the response to 
cellular stress. These proteins, however, act through 
ubiquitination, changing the function, the location and/ 
or the traffic protein, or are targeted for destruction by 
the 26S proteasome [46]. 

In conclusion, the molecular interactions that involve 
proteins located in subcellular compartments facilitate 
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the understanding of mechanisms that are associated 
with each interaction. However, proteins are not always 
at the same location in the cell and do not have unique 
roles [47]. Here, several new PbMLS- interacting proteins 
from various functional categories were identified, which 
suggests that their function is diversified beyond the 
glyoxylate cycle. 

Conclusions 

The results of this study indicated that PbMLS interacts 
with proteins of different functional categories, such as 
cellular transport, protein biosynthesis, modification and 
degradation and signal transduction. These data suggest 
that PbMLS is found in many locations and plays differ- 
ent roles in the fungal cell. 

Methods 

Paracoccidioides isolate and growth conditions 

The fungus Paracoccidioides isolate PbOl (ATCC MYA- 
826) was grown, as previously described [39]. The yeast 
and mycelium phase were grown at 36 and 22 °C, re- 
spectively, in Fava-Nettos medium (1% w/v peptone, 
0.5% w/v yeast extract, 0.3% w/v proteose peptone, 
0.5% w/v beef extract, 0.5% w/v NaCl, 4% w/v glucose, 
1% w/v agar pH 7.2). 

Preparation of protein extracts from Paracoccidioides spp 

Total protein extracts from Paracoccidioides spp myce- 
lium and yeast cells were prepared as previously described 
[48]. Mycelium and yeast cells were frozen and ground 
with a mortar and pestle in buffer (20 mM Tris-HCl 
pH 8.8, 2 mM CaCl 2 ) with protease inhibitors (50 \ig/ 
mLN-a-p-tosyl- L -lysine chloromethylketone; 1 mM 4- 
chloromercuribenzoic acid; 20 mM leupeptin; 20 mM 
phenylmethylsulfonyl fluoride; and 5 mM iodoacetamide). 
The mixture was centrifuged at 10,000 x g at 4°C, for 
20 min, and the supernatant was collected and stored 
at -20 °C. 

Yeast-secreted proteins of Paracoccidioides spp were 
prepared. Culture supernatant of yeast cells was obtained 
after 24 h incubation in liquid Fava Netto s medium. The 
cells were separated by centrifugation at 5,000 x g for 
15 min, and the supernatant was filtered in 0.45 and 
0.22 (im filters (MilliPore). Each 50 mL of culture super- 
natant was concentrated to 500 \xL in 25 mM Tris-HCl 
pH 7.0, and a protease inhibitor was added. The protein 
concentration of all of the samples was determined 
according to Bradford [49] . 

Preparation of protein extracts from macrophage 

J774 A.l mouse macrophage cells purchased from a Cell 
Bank in Rio de Janeiro, Brazil [50], were cultured in 
RPMI 1640 supplemented with fetal bovine serum, non- 
essential amino acids and interferon gamma (1 U/mL). 



To obtain the protein extract, cells were detached 
with 0.9% saline solution containing trypsin and were 
centrifuged at 5,000 x g for 10 min. Then, milliQ water 
was added to lyse the cells, and the solution was 
centrifuged again. Buffer (20 mM Tris-HCl pH 8.8, 2 mM 
CaCl 2 ) and protease inhibitors were added to the pellet. 
Protein concentration was determined according to Brad- 
ford [49]. 

Heterologous expression and purification of recombinant 
PbMLS 

PbMLS recombinant protein was obtained as described 
by Zambuzzi-Carvalho et al [8] and Neto et al [9]. 
PbMLS cDNA was cloned into the expression vector 
pGEX-4-T3 (GE Healthcare®, Chalfont St Giles, UK). 
E. coli (BL21 Star™ (DE3) pLys, Invitrogen, Grand Island, 
NY) was transformed with pGEX-P&MLS construction 
by thermal shock and was grown in LB medium 
supplemented with ampicillin (100 (ig/mL) at 20°C until 
reaching the optical density of 0.6 at 600 nm. Synthesis 
of the recombinant protein was then initiated by adding 
isopropyl-p-D-thiogalactopyranoside (IPTG) (Sigma-Al- 
drich, St. Louis, MO) to a final concentration of 0.1 mM 
to the growing culture. After induction, the cells were 
incubated for 16 h at 15°C with shaking at 200 rpm. 
Cells were harvested by centrifugation at 10,000 x g for 
10 min. The supernatant was discarded, and the cells 
were resuspended in lx phosphate-buffered saline (PBS) 
(0.14 M NaCl, 2.7 mM KC1, 10 mM Na 2 HP0 4 , 1.8 mM 
KH 2 P0 4 pH 7.4). 

E. coli cells were incubated for 60 min with lysozyme 
(100 (ig/mL) and were lysed by extensive sonication (25 cy- 
cles of 1 min). The sample was centrifuged at 8,000 x g for 
15 min to obtain the supernatant, which contained the 
soluble protein fraction. The recombinant protein was 
purified by affinity chromatography under no denaturing 
conditions. The soluble fraction was placed in a Glutathi- 
one Sepharosex 4B resin column (GE Healthcare®). The 
resin was washed five times in lx PBS, and the recombin- 
ant protein was cleaved by the addition of thrombin prote- 
ase (50 U/mL). The purity and size of the recombinant 
protein were evaluated by running the molecule on 12% 
SDS-PAGE followed by Coomassie blue staining. E. coli 
cells transformed with pGEX-4 T-3 without an insert for 
the expression and purification of the protein glutathione 
S transferase (GST) were used as the experimental 
control. 

Antibody production 

The purified PbMLS was used to produce anti-P&MLS 
polyclonal antibodies in New Zealand rabbits. The 
immunization protocol constituted an initial injection of 
300 \ig of purified recombinant protein in complete 
Freunds adjuvant and two subsequent injections of the 
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same amount of the antigen in incomplete Freunds adju- 
vant. Each immunization was followed by a 14-day inter- 
val After the fourth immunization, the serum containing 
the anti-P&MLS polyclonal antibody was collected and 
stored at -20°C 

Pull-down assays 

A total of 5 mg of each protein extract of Paracoccidioides 
PbOl mycelium, yeast, yeast secretions and macrophage 
was incubated with 20 uL of resin bound to GST for 2 h at 
4°C under gentle agitation (control). The resin was 
centrifuged at 200 x g for 5 min, and the supernatant was 
placed into a tube that contained 100 uL of the resin 
bonded to PbMLS. This mixture was incubated for 3 h at 
4°C, with stirring. After this period, the resin was 
centrifuged at 200 x g for 5 min, and the supernatant was 
discarded. Both resins were washed four times with lx 
PBS buffer and subjected to SDS-PAGE on 15% polyacryl- 
amide gel followed by staining with Coomassie Blue (GE 
Healthcare®). 

Separated by SDS-PAGE, the proteins that interacted 
with PbMLS in the pull-down assay were excised from the 
gel and identified by MS. Pieces of the gels were soaked in 
50 uL of acetonitrile. The solvent was removed under a 
vacuum and was incubated in 100 mM NH4HCO3 buffer 
containing 10 mM 1,4-dithiothreitol for 1 h at 56°C under 
gentle agitation. The above buffer was removed and re- 
placed by 55 mM iodoacetamide in 100 mM NH4HCO3 
for 45 min at room temperature in the dark. The gel 
pieces were then subjected to alternating 5 min washing 
cycles with NH4HCO3 and acetonitrile, dried down, swol- 
len in 50 uL of 50 mM NH4CO3 containing 12.5 ng/mL 
sequencing-grades modified porcine trypsin (Promega, 
Madison, WI) and incubated at 37°C overnight. The 
resulting tryptic peptides were extracted by adding 20 uL 
of 5% v/v acetic acid and removing the solution. This 
procedure was repeated once. The extracts were pooled, 
dried under a vacuum and then solubilized in 0.1% v/v 
trifluoroacetic acid for MS analysis. The proteins of the 
tryptic digestion samples were analyzed using a MALDI- 
Synapt MS™ mass spectrometer (Waters-Micromass, 
Manchester, UK). The peptide mass list obtained for each 
spectrum was searched using the MASCOT algorithm [14]. 
Proteins were identified by Peptide Mass Fingerprint (PMF) 
and/or MS/MS, even considering 1 tryptic cleavage lost, 
score > 60, 50-100 ppm mass error between theoretical 
and experimental masses and oxidized methionine as vari- 
able modification resulting from in-gel digestion. 

Two-hybrid assays 

A cDNA library was obtained using RNA extracted from 
Paracoccidioides PbOl yeast cells, as described previously 
[51]. The cDNAs were synthesized and cloned into the 
prey vector pGADT7 to perform yeast two-hybrid 



screens using the Matchmaker Two-Hybrid System 3 
(Clontech Laboratories, Polo Alto, CA). To screen protein- 
protein interactions in vivo with the MLS, the cDNA en- 
coding PbMLS was sub-cloned into the bait vector 
pGBKT7. The generation of transformants was obtained by 
introducing the bait vector into the Saccharomyces 
cerevisiae yeast strain Y187 (MATa, trpl-901) and the prey 
vector into the S. cerevisiae strain AH 109 (MATa, leu2-3). 

The experimental protocol was performed according to 
the Matchmaker GAL4 Two-Hybrid System 3 manual and 
the Yeast Protocol Handbook (Clontech). Following cell 
mating, the S. cerevisiae diploids that contained the 
two vectors were selected from plates that contained SD/- 
Leu/-Trp minimal media. To exclude false-positive clones, 
the colonies were replicated using high-stringency plates 
that contained SD-Ade/-His/-Leu/-Trp minimal media. 
The screening of positive clones was accomplished by 
detecting the blue/white color of the substrate 5-bromo-4- 
chloro-3-indolyl-a-D-galactopyranoside (X-a-GAL). Aden- 
ine and histidine were the reporter genes that expressed 
together with lacZ (a-galactosidase reporter gene). A PCR 
colony assay was performed on the clones using AD-LD 5 ' 
and AD-LD 3 ' supplied oligonucleotides for the pGADT7- 
Rec bait plasmid. The PCR products of the identified 
transformants were subjected to DNA sequencing using a 
MegaBACE 1000 sequencer (GE Healthcare®) for auto- 
mated sequence analysis. Sequence homologies to the genes 
of interest were performed by searching the GenBank data- 
base using the BLAST algorithm [17]. 

Construction of protein interaction maps 

The Osprey Network Visualization System [25] was 
used to design a complex interaction network to enable 
viewing and manipulation [52]. This program uses The 
GRID protein interaction databases [24] and the Sac- 
charomyces Genome Database - SGD [53]. In this way, 
interaction maps were obtained from pull-down and 
two-hybrid Paracoccidioides PbOl protein data. The 
names of the proteins correspond to S. cerevisiae, and 
this correspondence was obtained through analysis of 
the structural genome databases of Paracoccidioides 
PbOl [54] and S. cerevisiae [23]. 

Far-Western blot assays 

Far- Western blot assays were conducted as previously de- 
scribed [9]. PbMLS was submitted to SDS-PAGE and blot- 
ted onto nylon membrane. After blocking for 4 h with 
1.5% (w/v) BSA in 10 mM PBS-milk and washing three 
times (for 10 min each) in 10 mM triton in PBS (PBS-T), 
the membranes were incubated with Paracoccidioides 
PbOl mycelium protein extract (100 ug/mL), yeast 
cells (100 ug/mL) and macrophage protein extract 
(100 ug/mL), diluted in PBS-T with 2% BSA for 90 min, 
and then washed three times (for 10 min each) in PBS-T. 
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The membranes were incubated for 18 h with rabbit IgG 
anti-enolase, anti-triosephosphate isomerase and anti- 
actin, respectively, in PBS-T with 2% BSA (1:1000 dilu- 
tion). The blots were washed with PBS-T and incubated 
with the secondary antibodies anti-rabbit IgG (1:1000 dilu- 
tion). The blots were washed with PBS-T and subjected to 
reaction with alkaline phosphatase. The reaction was 
developed with 5-bromo-4-chloro-3-indolylphosphate / 
nitro-bluetetrazolium (BCIP-NBT). The negative control 
was obtained by incubating PbMLS with anti-enolase, 
anti-triosephosphate isomerase and anti-actin antibodies, 
without preincubation with the protein extracts. The posi- 
tive control was obtained by incubating the PbMLS with 
the anti-P&MLS antibody, following the reaction as previ- 
ously described. Another Far- Western blot experiment 
was performed using the same protocol, but protein ex- 
tracts of Paracoccidioides PbOl (mycelium, yeast and 
yeast-secreted) and macrophages were subjected to 
SDS-PAGE and were blotted onto nylon membrane. The 
membranes were incubated with PbMLS (100 (ig/mL) and 
subsequently with the primary antibody anti-P&MLS 
(1:4000 dilution) and the secondary antibody anti- rabbit 
immunoglobulin (1:1000 dilution). The negative control 
was obtained by incubating each protein extract with anti- 
PbMLS antibody, without preincubation with PbMLS. 

Immunofluorescence assays 

An immunofluorescence experiment was performed as 
previously described [55]. J774 A.l mouse macrophage 
cells (10 6 cells/mL) were cultured over cover slips in 6- 
well plates and were subjected to a recombinant PbMLS 
binding assay. Mammalian cells were cultured in RPMI 
supplemented with interferon gamma (1 U/mL). The 
medium was removed, and the cells were washed 3 times 
with PBS, fixed for 30 min with cold methanol and air- 
dried. Either recombinant PbMLS (350 ug/mL) or 1% BSA 
(w/v, negative control) in PBS was added and incubated 
with fixed macrophage cells at room temperature for 1 h. 
After the cells were washed 3 times with PBS, anti-P&MLS 
antibody (1:1000 dilution) was added. The system was in- 
cubated for 1 h at 37 °C and washed 3 times with PBS. 
The cells were incubated with anti-rabbit IgG coupled 
to fluoresce in isothiocyanate (FITC; 1:100 dilution) for 
1 h. The cells were incubated with 50 \iM 4', 6- 
diamidino-2-phenylindole (DAPI) for nuclear staining. 

Confocal laser scanning microscopy 

A confocal laser scanning microscopy experiment was 
performed as described by Batista et al [56] and Lenzi 
et al [57]. A549 cell cultivation and adhesion of the 
Paracoccidioides strain PblS were performed. The total ad- 
hesion (infection and invasion) assays were accomplished 
in 24 well-plates that contained cover slips at the bottom. 
In all of the tests, a cellular suspension with 10 6 cells/mL 



was standardized. After the tripsinization of the cell sus- 
pension, 0.2 mL was removed from the bottle and diluted 
in 1.8 mL of HAM F12 medium. Cells were counted with 
a hemocytometer after several dilutions until the appropri- 
ate concentration was defined. Later, 0.5 mL of the ad- 
justed cell concentration was placed in each well of the 
plates and incubated at 36°C for 24 h. 

The monolayers were fixed and washed in PBS and 
permeabilized in 0.5% Triton X-100 for 30 min. After the 
permeabilization step, the primary antibody anti-P&MLS 
(1:50 in PBS + 3% skimmed milk + 1% BSA) was added for 
1 h, unbound antibody was removed by washing in PBS, 
and then, Alexa Fluor 594-conjugated antibody goat anti- 
rabbit IgG (1:400) (1:50 in PBS + 3% skimmed milk + 1% 
BSA) was added for 1 h, followed by three additional 
washings with frozen PBS-T before mounting in 90% gly- 
cerol in PBS, adjusted to pH 8.5 and containing an anti- 
fading agent (p-phenylenediamine 1 g/L) ( Sigma- Aldrich). 
The specimens were analyzed by laser confocal micros- 
copy using differential interference contrast microscopy 
(DIC) and fluorescence (LSM 510-META, Zeiss). 

3D Structures of PbMLS-interacting proteins 

The 3D structures of proteins binding to PbMLS (PbMLS- 
interacting proteins) were initially predicted by the hom- 
ology modeling method using the modeler algorithm on 
the ModWeb server [58]. The quality of the structures 
predicted was measured at NIH-MBI laboratory servers 
[59] with the ERRAT web server [60]. A Ramachandran 
plot of each protein was checked/ conferred on the RAM- 
PAGE web server [26,61], and Verify 3D was used to 
evaluate the amino acid environments [62]. The percent- 
ages of helical and sheet content were estimated using the 
2Struc DSSP server [63] and Helix System [64] for linear 
representation of the secondary structures. 

Molecular Dynamics (MD) simulations of these struc- 
tures were performed using GROMACS software [27,65] to 
improve the relaxation and orientation of their side chains 
and to reproduce the structural stability of the receptor in 
its native environment [66]. The Particles Mesh Ewald 
method [67] was used to improve treatment approaches 
that involve electrostatic interactions with periodic bound- 
ary conditions, which were considered in all directions from 
the box. Initially, the system was neutralized by adding 
counter ions, and then, it was immediately subjected to 
minimization using steepest descent energy. The simula- 
tions were completed when the tolerance of 1000 kj/mol 
was no longer exceeded. The first step in the equilibration 
of the system was energy relaxation of the solvent for 
100 ps (pico seconds); only after this step was the system 
subjected to MD. With a constant temperature of 300 K, 
1 atm pressure, a time-step of 2 fs (femto seconds) and 
without any restriction of the protein conformations, the 
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simulations were performed for 20 ns (nano seconds) to 
60 ns, depending on the protein. 

All of the information concerning the trajectory of 
these times was collected every 5 ps. The equilibration 
of the trajectory was checked by monitoring the equili- 
bration of the quantities, such as the RMSD of non- 
hydrogen atoms with respect to the initial structure. 
Analysis of the total energy, potential energy and kinetic 
energy were all obtained using GROMACS software. 
RMSD values between final and template structures also 
helped to identify the common segments, which corre- 
sponds to the structurally conserved region. 

The average structure of the entire trajectory was also 
determined using the g_rms algorithm [68]. The first 
10 ns of the trajectory were not used to determine the 
average structures. All of the water molecules were re- 
moved from the selected structures to proceed with the 
docking simulations in the next step. 

Molecular docking 

By using the structures of PbMLS- interacting proteins 
determined by MD as described above, a global search 
of protein-protein interactions was performed using 
GRAMM-X software [69]. The Protein- Protein Docking 
Web Server v. 1.2.0 was used to perform rigid docking. 
Simulations were performed with no pre-conceived bias 
toward specific residue interactions, and the best model- 
structure of each complex (PbMLS + PbMLS- interacting 
proteins) was selected. 

Refinement of MD 

MD simulations of the complexes were performed to im- 
prove the orientation of their side chains and to minimize 
the high-magnitude repulsive interactions between atoms. 
Short simulations were performed for the complexes de- 
fined by the GRAMM-X software, again using GROMACS 
software, with the same force field and solvent model pre- 
viously used to define the 3D-structures of each protein. 
The system was defined by a cubic box with periodic 
boundary conditions, and a 9 A cut-off for non-bond in- 
teractions was used for electrostatic interactions treated 
by the Particle Mesh Ewald method. Overlapping water 
molecules were deleted, and the systems were neutralized 
by adding counter ions. 

Initially, the system was subjected to minimization using 
steepest descent energy. The simulations were completed 
when the tolerance of 1000 kj/mol was no longer 
exceeded. After minimization, the system was subjected to 
a 100 ps simulation in the NVT ensemble and then was 
immediately subjected to a 100 ps simulation in the NPT 
ensemble. For both stages, T = 300 K, and the thermostat 
relaxation constant = 0.1 ps; additionally, a Berendsen 
thermostat, 1 atm pressure, a time-step of 2 fs and pos- 
ition restraint of the complex were used. After that step, 



the system was subjected to an MD run in the NPT en- 
semble. The simulations were performed for 1 ns with a 
constant temperature of 300 K, 1 atm pressure, a time- 
step of 2 fs and without any restriction on the complex 
conformations. The structure of the complex used to de- 
fine the interface region between the proteins was that 
obtained at the end of the simulations. Fiberdock software 
[70] was used to estimate the global-energy that was in- 
volved in this interface. 

Additional files 



Additional file 1: Figure SI. Pull-down assays for the determination of 
in vitro interactions between PbMLS and other proteins of 
Paracoccidioides. (A) Purification of GST protein (lane 1) and recombinant 
PbMLS (lane 2) by affinity resin. The proteins detected after the 
purification of PbMLS were removed from the gel and identified by MS 
(Additional file 2: Table S1). GST protein was incubated with protein 
extracts of Paracoccidioides mycelium (B), yeast (C), secretions (D) and 
macrophages (E), during which we aimed to remove nonspecific binding 
proteins (lane 1). After incubation, the supernatant was incubated with 
PbMLS-GST (purified). The protein complex resulting from this interaction 
was resolved by SDS-PAGE (lane 2). The proteins numbered were 
removed from the gel and identified by MS (Additional file 2: Table S1). 

Additional file 2: Table SI. PbMLS -interacting proteins by using pull- 
down assays identified by MS. 

Additional file 3: Table S2. PbMLS-interacting proteins identified by 
pull-down assays. 

Additional file 4: Table S3. Gene products interacting with PbMLS by 
using two-hybrid assay identified by sequencing. 

Additional file 5: Table S4. PbMLS-interacting proteins already 
described in the database interactions The GRID indicated in Figure 1. 

Additional file 6: Table S5. 3D Models informations of PbMLS and 
PbMLS-interacting proteins. 

Additional file 7: Table S6. Key residues and scores of the protein- 
protein interaction interface. 
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